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All eukaryotic organisms replicate their DNA in a defined tem-
poral order that is highly conserved between related species   
(Hiratani and Gilbert, 2010; Ryba et al., 2010; Yaffe et al., 2010). 
However, neither the mechanism orchestrating this program nor 
its biological significance is known. What we do know is that 
this replication timing program is developmentally regulated 
and is closely related to the 3D organization of chromatin in   
the nucleus. Early- and late-replicating chromosomal domains 
are segregated into spatially distinct compartments of the nu-
cleus with late-replicating, silent genes generally closer to the 
nuclear periphery than early-replicating, active genes (Gilbert   
and Gasser, 2006). During mouse and human development, 
400–800-kb segments of chromosomes exhibit replication timing 
switches that accompany changes in subnuclear position and, in 
some cases, transcriptional competence of genes within those 
segments (Hiratani et al., 2008, 2009, 2010; Hiratani and Gilbert, 
2010; Pope et al., 2010; Ryba et al., 2010). Moreover, genome-
wide experiments have identified a nearly precise alignment be-
tween the frequency of chromatin interactions and replication 
timing (Hiratani et al., 2010). Perhaps the most compelling link 
between replication timing and chromatin organization is illus-
trated by experiments introducing nuclei isolated from cells at 
different times after mitosis into a cell-free replication system. 
These studies have shown that a temporally specific replication 
program is established at a discrete time point after mitosis, des-
ignated the TDP, which coincides with the repositioning and an-
chorage of chromosome domains after mitosis (Dimitrova and 
Gilbert, 1999; Chubb et al., 2002; Walter et al., 2003; Lu et al., 
2010). In this speculative article, I tie together developmental 
and cell cycle features of replication time and spatial organi-
zation and propose that the TDP could represent an important 
Recent  findings  suggest  that  large-scale  remodeling  of 
three dimensional (3D) chromatin architecture occurs dur-
ing a brief period in early G1 phase termed the replica-
tion timing decision point (TDP). In this speculative article, 
I suggest that the TDP may represent an as yet unappreci-
ated window of opportunity for extracellular cues to influ-
ence 3D architecture during stem cell fate decisions. I also 
describe several testable predictions of this hypothesis.
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time window to establish aspects of higher order chromosome 
organization that influence the commitment of stem cells to de-
velopmental fates.
Chromosome architecture and  
cell fate transitions
Stem cells in adult animals have two primary regulatory deci-
sions. First, they must remain quiescent throughout the lifetime 
of an organism until they are recruited for regeneration, when 
they must respond to the appropriate cues and reenter the cell 
cycle. Second, once they enter the cell cycle, they must properly 
balance self-renewal with commitment to differentiation to main-
tain tissue homeostasis. Excess self-renewal leads to over pro-
liferation (tumor formation), whereas excess commitment leads 
to depletion of stem cell reserves and a reduction in cell number 
(degeneration). Embryonic stem cells (ESCs) do not exit the 
cell cycle and are only concerned with the second decision.   
As stem cells commit to differentiation pathways during em-
bryogenesis, lineage options become increasingly restricted, 
and cells can respond in very different ways to the same signal-
ing cues even though all cells have a full complement of genetic 
information. This change in cellular competence can be medi-
ated by changes in the intracellular environment (Grimm and 
Gurdon, 2002), changes in transcriptional feedback loops, or 
epigenetic/chromatin changes such as histone composition or 
DNA methylation (Steinbach et al., 1997; Kundu and Peterson, 
2009; Kaufman and Rando, 2010). No single mechanism is in-
volved in all cell fate transitions, and there are likely to be addi-
tional as yet–undiscovered mechanisms.
How important is large-scale chromatin architecture to 
these stem cell functions? Although not as well established as 
the roles of transcription factors (Egli et al., 2008) and histone 
modifications (Spivakov and Fisher, 2007), recent observations 
link 3D organization of chromatin to gene expression. It is now 
well accepted that the nucleus is structurally and functionally 
compartmentalized to favor transcription in specific subnuclear 
neighborhoods (Lanctôt et al., 2007; Lieberman-Aiden et al., 
2009; Hakim et al., 2010; Laster and Kosak, 2010). For ex-
ample, the periphery of the nucleus (Luo et al., 2009; Peric- 
Hupkes et al., 2010) and the nucleolus (Németh et al., 2010) are 
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What regulates these events? This remains a mystery, but 
we do know that replication timing is reestablished in each cell 
cycle by events that take place while chromatin is reorganized 
after mitosis (Dimitrova and Gilbert, 1999; Lu et al., 2010). 
When nuclei from cells staged at different times in the cell   
cycle are introduced into a cell-free replication initiation system,   
chromatin in early G1 or G2 phase nuclei replicates in a ran-
dom temporal order, whereas chromatin from cells in mid– to 
late–G1 phase replicates in the cell type characteristic temporal 
sequence (Lu et al., 2010). The interpretation of these results is 
that determinants of replication timing are established during a   
short 1-h interval of early G1 (TDP) and are then lost during rep-
lication. Importantly, before the TDP, early- and late-replicating 
chromatin are mobile and irregularly positioned but become an-
chored and organized in 3D space within the same short time 
interval as the TDP (Dimitrova and Gilbert, 1999; Chubb et al., 
2002; Walter et al., 2003; Lu et al., 2010). This 3D organization 
is then retained throughout the remainder of interphase. These 
studies have suggested a model in which chromatin regulators 
are concentrated into spatially separated subnuclear compart-
ments by the anchorage and folding of chromosomal domains 
at the TDP (Gilbert, 2001). In this view, subnuclear compart-
mentalization is required to establish some type of chromatin 
mark that is then erased during replication and requires a round 
of mitosis to reestablish. One possibility is that the factors regu-
lating replication timing set thresholds for the accessibility of   
S phase–promoting factors to replication origins or replicon clus-
ters (Gilbert, 2001; Thomson et al., 2010).
Replication timing is regulated in 400–800-kb units or 
subdomains. In fact, larger coordinately replicating domains 
are found to change replication timing in smaller, 400–800-kb 
increments during differentiation (Hiratani et al., 2008; Ryba   
et al., 2010). Moreover, the regions between adjacent early- and 
late-replicating domains traverse spatially segregated compart-
ments of the nucleus and are suppressed for origin activity 
so that a single unidirectional replication fork duplicates the   
intervening DNA, often over the course of several hours (Ryba   
et al., 2010). Interestingly, a histone modification signature 
exists at the early-replicating boundaries of these intervening 
timing transition regions (Ryba et al., 2010), and it is known that 
at least some of these same chromatin marks are erased at the repli-
cation fork and reestablished after the following mitosis (Jansen   
et al., 2007; Aoto et al., 2008; Scharf et al., 2009). However, there 
are some aspects of higher order chromatin architecture that are 
clearly not necessary to maintain replication timing once chro-
matin compartments are established. Chromatin within nuclei 
isolated from quiescent cells, which show measurable changes 
in global chromatin architecture including massive deconden-
sation of selected regions, retained replication timing determi-
nants (RTDs; Lu et al., 2010).
Hypothesis: the TDP as a window  
of opportunity
The TDP may be defined by the establishment of a replication 
timing program, but the close linkage between replication timing 
and chromosome architecture implies that important organiza-
tional events that determine the folding of chromatin, its degree 
less-favorable  locations  for  transcription  of  developmentally 
regulated genes. In addition, the 3D organization of chromatin 
can change dramatically as stem cells undergo lineage commit-
ment (Meshorer and Misteli, 2006), and this can move specific 
genes into different compartments (Hiratani et al., 2010). Impor-
tantly, once established, structural constraints limit chromatin   
mobility throughout the remainder of the cell cycle (Chubb   
et al., 2002; Walter et al., 2003) so that large-scale 3D archi-
tecture is considerably less plastic than many other features of 
chromatin structure and could provide a scaffold to preserve a 
memory of cellular lineage. Thus, 3D genome architecture has 
attracted a great deal of interest to those interested in understanding 
stem cells and the reprogramming of cellular fates.
Replication timing reflects  
chromosome architecture
Replication timing has been indirectly linked to chromosome 
architecture since the 1960s, when it was discovered that the 
inactive X chromosome in female mammals takes on a compact 
structure localized to the periphery of the nucleus, known as the 
Barr body, which is coincident with a switch to late replication   
(Hiratani and Gilbert, 2010). As discussed, DNA replication takes 
place in spatially distinct compartments of the nucleus at dif-
ferent times during S phase, and it is now generally appreci-
ated  that  facultative  heterochromatin,  including  silent  gene 
families (genes that lack poised polymerase II) and imprinted 
gene loci, are late replicating and generally localized closer to   
the nuclear periphery or nucleoli. Recently, a compelling genome-
wide alignment was found between replication timing and 
the density of chromatin interactions within the mammalian 
nucleus, and spatial models of how chromatin folds within the 
nucleus based upon chromatin interaction maps resemble inde-
pendently derived models of how chromatin is organized into 
spatially and temporally discrete replication domains (Ryba   
et al., 2010). These data provide strong support for the hypoth-
esis that replication domains are self-interacting structural and 
functional units of chromosomes.
Implicit in this finding is that genome-wide replication 
timing profiles provide a clear and measurable property with 
which  to  evaluate  higher  order  chromosome  structure  and 
function  and  can  rapidly  identify  regions  of  chromosomes 
that undergo remodeling of these architectural features during 
development or in specific diseases. For example, a compre-
hensive survey of 10 stages of mouse embryogenesis revealed 
changes across half of the mouse genome mediated in units 
of 400–800 kb, including a set of down-regulated genes that 
switch from early to late replicating during loss of pluri-
potentcy (Hiratani et al., 2010). These regions remain late rep-
licating throughout the rest of development and are difficult 
to reprogram back to an embryonic like state; e.g., they fail 
to reestablish ESC-specific replication timing and transcrip-
tion in partially reprogrammed induced pluripotent stem cells 
(iPSCs). It follows that these regions undergo higher-order 
remodeling events that are difficult to reverse. In fact, these 
same  changes  were  coincident  with  chromatin  compaction 
and movement of these regions toward the nuclear periphery 
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during  cell  fate  transitions  (Fig.  1).  Once  established,  these 
features of chromatin architecture may not be changeable until 
the next TDP. Consistent with this hypothesis, experiments in 
which ectopically inserted LacO sequences were artificially tar-
geted to the nuclear periphery with LacI fusions to inner nuclear 
envelope proteins demonstrated that the targeting protein is not   
sufficient to reposition chromatin; repositioning requires mitosis.   
Repositioning silenced some genes in the vicinity of the LacO, 
but the targeting was probabilistic; not all cells managed to re-
position the LacO regions (Finlan et al., 2008; Kumaran and 
Spector, 2008; Reddy et al., 2008). Moreover, many transcrip-
tional regulators dissociate from chromatin during mitosis and 
reassociate thereafter, and it is reasonable to presume that the 
stoichiometry and binding affinities of transcription factors 
present at the TDP would have a profound influence on the re-
sulting chromatin architecture (Egli et al., 2008). As chromatin 
decondenses, it likely experiences a series of stochastic inter- 
and intra-chromosomal interactions of variable stabilities, fa-
cilitated by the high mobility of chromatin at this time (Chubb   
et al., 2002; Walter et al., 2003). This would create the oppor-
tunity to selectively reinforce or discourage certain interactions 
to reinstate or alter chromatin folding or positioning, which 
of compaction, and the potential interactions between genomic 
segments are also established at this time. In considering cau-
sality, it makes little sense that replication timing would be the 
driving force behind chromatin architecture because this would 
mean that a chromatin architecture would be established for a 
replication program that might not be played out if the cells 
subsequently exit the cell cycle. Moreover, it is not obvious why 
the genome would need a cell type–specific temporal sequence 
to carry out the housekeeping function of genome replication. 
More sensibly, the 3D architecture is a result of cell type– 
specific factors present during passage through the TDP, and 
the replication timing program is a reflection of that architec-
ture. However, that does not imply that replication timing does 
not influence architecture because different types of chromatin 
are assembled at different times during S phase (Lande-Diner   
et al., 2009), so changes in replication timing could rapidly and 
simultaneously influence the structure of chromatin across large 
segments of chromosomes, which could profoundly affect the 
structure assembled in the next cell cycle.
I would like to propose that the TDP may represent an as 
of yet unappreciated window of opportunity for extracellular 
cues to reprogram chromatin interactions and subnuclear position 
Figure 1.  The TDP as a novel window for cel-
lular reprogramming. In this model, early- and 
late-replicating chromatin domains are labeled 
as red or green, respectively, with light colors 
representing  lack  of  RTDs  and  bright  colors 
representing  the  presence  of  RTDs.  Because 
replication timing and spatial organization of 
chromatin are established simultaneously dur-
ing early G1 phase at the TDP (Dimitrova and 
Gilbert, 1999) and because there is a strong 
genome-wide correlation between 3D chromo-
some architecture and replication timing (Ryba 
et al., 2010), it is hypothesized that spatial 
reorganization at the TDP drives the assembly 
of  RTDs,  potentially  by  creating  subnuclear 
compartments that set thresholds for initiation 
of  replication  (Gilbert,  2001).  These  RTDs 
are maintained until the time of replication in   
S phase. During replication, the potential RTDs 
are  modified  or  removed  at  the  replication 
fork,  which  is  indicated  by  early-replicating 
domains changing to light colors first, followed 
by late-replicating domains. In G2 phase, there 
are  no  RTDs  on  chromatin,  but  the  general 
spatial organization is maintained until being 
disrupted during mitosis. If cells withdraw from 
the cell cycle and enter quiescence, aspects of 
the spatial organization of chromatin change 
but RTDs remain intact, and upon return to the 
cell cycle, replication proceeds in the normal 
temporal  order  despite  spatial  disruption.   
As  developed  in  the  text,  dismantling  and 
reassembling higher-order chromosome archi-
tecture may provide a window of opportunity 
to reprogram 3D architecture and replication 
timing to influence cellular identity in response 
to  extracellular  cues  during  differentiation. 
Once established, replication timing influences 
the  type of chromatin assembled (Lande-Diner   
et al., 2009), invoking a domain-wide change 
in chromatin structure that in turn may serve to 
reinforce maintenance of the new 3D architec-
ture at each TDP. N, nucleolus. This figure is 
modified from Lu et al. (2010).JCB • VOLUME 191 • NUMBER 5 • 2010   902
claims that nuclei from quiescent cells are more efficient sub-
strates for animal cloning (Kasinathan et al., 2001).
Sophisticated live cell imaging systems that can track in-
dividual cells throughout multiple cell cycles, coupled with fluores-
cent beacons as indicators of cell fate transitions, should allow 
these predictions to be tested. If the TDP represents a critical 
time window for reprogramming, then the window should not 
close until several hours after nuclear reassembly and the re-
sumption of transcription, when the completion of chromatin 
repositioning is observed. If, instead, mitosis is a more critical 
time period (e.g., through the eviction of transcription factors 
[Egli et al., 2008] or binding of factors specifically in mitosis 
[John and Workman, 1998; Zaidi et al., 2010]), the window 
should close considerably earlier. Similarly, these same experi-
ments would also be able to identify whether another phase of 
the cell cycle, such as S phase or G2 phase (during which chro-
matin mobility is restrained), is a more critical window of plas-
ticity or whether cells are equally vulnerable to reprogramming 
regardless of their position in the cell cycle, either of which 
would also rule out the proposed hypothesis. Of course, the 
markers chosen to assess differentiation will be critical because 
many genes are likely to be regulated by mechanisms that are 
independent of 3D architecture. In fact, we have found that tran-
scription from CpG-rich promoters is independent of replica-
tion timing changes, implying that regulation of many genes is 
independent of higher-order chromatin folding (Hiratani et al., 
2008; Hiratani et al., 2010).
In conclusion, spatial compartmentalization of chromatin 
is a cell cycle–regulated feature of chromosome organization 
that may dictate the time and place of chromatin assembly in the 
upcoming S phase, which would implicate the TDP as an im-
portant regulatory decision point for cellular identity. Therefore, 
more thought, discussion, and experimentation into the role that 
events occurring at the TDP might play in maintaining stable 
cell identities during development and disease are needed.
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